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Introduction
The kinetics of ligand substitution around transition metal complexes is of fundamental importance in inorganic chemistry and for understanding substitution reactions in bioinorganic processes [1] [2] [3] [4] [5] [6] . Chromium(III) complexes in the form of chromium chloride, chromium tripicolinate, chromium dinicotinate and chromium complexes with amino acids are all available as nutritional supplements [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . There is clinical evidence that chromium(III) complexes can lower blood glucose levels of type 2 diabetics [17] [18] [19] [20] [21] [22] , however, there is little evidence supporting their general nutritional value and in fact, questions have been raised about potential toxicity [4, [22] [23] [24] [25] [26] . Chromium(III) complexes administered orally will encounter a number of different physiological environments and chemical conditions as they pass through the body including the high acidity of the stomach and the slightly alkaline conditions of the bloodstream, before being eliminated in the urine and bile. These differing conditions provide opportunities for chromium complexes to undergo ligand substitution raising questions about their reactivity [27] [28] [29] , potentially changing both their absorptivity and toxicity.
A number of mechanisms for ligand substitution around octahedral metal complexes have been identified. Atkins [3] notes that there are two aspects to the classification of ligand substitution mechanisms. The first of these is the stoichiometric mechanism that describes each of the steps in the reaction. Stoichiometric mechanisms include an associative (A) pathway proceeding via an intermediate of increased coordination number, a dissociative (D) pathway proceeds via an intermediate of reduced coordination number and an interchange (I) reaction mechanism can exist where the leaving and entering groups exchange simultaneously [30] .
Atkins also considers substitution reactions in terms of an intimate mechanism that describes the formation of the activated complex in the rate-determining step. If the rate is sensitive to the entering group then the process is described as associatively activated (a) and if it is insensitive to the entering group then it is dissociatively activated (d) [3] .
For example, Langford and Gray [30] considered two paths for interchange mechanisms, one via associatively activated interchange (I a ) indicating a degree of bond formation between the entering ligand and transition metal and the other involving dissociatively activated interchange (I d ) indicating a degree of bond breaking as the transition state is formed [31, 32] .
The substitution reactions at an octahedral metal center could be expected to show S N 1 kinetics if the mechanism is dissociative or S N 2 kinetics if the mechanism is associative [2, 33] . The substitution of ligands around Cr(III) under various conditions has been studied by a large number of workers . For example, in the simplest case of substitution around octahedral chromium(III), Swaddle and Stranks [49, 57] 
and its rate under various pressures. These authors found that the volume of activation (ΔV ‡ ), the difference between the molar volume of the transition and initial states, was −9.3 cm 3 mol −1 for reaction (1) , suggesting that this reaction proceeds via A or I a mechanisms [49, 57] .
Rotzinger [61] investigated theoretically, the mechanism for water-water exchange around transition metal aqua ions (Sc(III) through Zn(II)) using Hartree-Fock (HF) and CAS-SCF methods. The preferred pathway for these processes was dependent on the electronic configuration of the metal. For example, water-water exchange of the high-spin d 8 , d 9 , and d 10 complexes was found to proceed by the D mechanism alone. In contrast, for Sc(III), Ti(III) and V(III) only the A mechanism was found. However, water-water exchange for transition metals in the middle of the periodic involving a simple nucleophilic attack of the entering group (interchange mechanism) on the Cr(III) metal center [40, 41, 62] . The study of Carey et al. [56] supported an I a mechanism for acid-independent substitution and also ruled out a purely dissociative mechanism. [58] . These mechanisms however are strongly influenced by the solvent, steric effects, the size of the substituent and electronic effects [59, 60] pathway. Lay [65, 66] argued on the basis of the ground state structures and similarities in the entropies of activation that in fact both systems undergo aquation via a common dissociative interchange mechanism.
The pH of the system also appears to have an impact on the mechanism of aquation. The focus of this study is to firstly establish the reliability of selected methods for investigating these processes by comparing calculated results with experimental values, where possible. In addition, the role of solvent is investigated by exploring both implicit solvation (PCM) and explicit solvation options in the calculations. The overall objective of this study is to provide a detailed investigation of aquation at haloaqua-Cr(III) species that will provide new insights to the intimate mechanisms of this process.
Computational Methods
Standard density functional and hybrid density functional theory calculations were carried out with Gaussian09 [70] . The geometries of all reactants, transition states, intermediates, and products for the associative interchange (I a ) mechanism were fully optimized in the gas phase and solvent phase (water) using hybrid density functionals (B3LYP and PBE0 (=PBE1PBE)), long-range corrected hybrid density functionals (Coulombattenuating B3LYP (CAM-B3LYP)), and the newly developed meta-hybrid functional M06 method. A range of basis sets were also investigated including LanL2DZ, cc-pVDZ, and augcc-pVDZ. A subset of these methods and basis sets were used to investigate the dissociative 
Similarly, the change in molar volume of the reaction can be estimated from the change in Cr−L bond lengths (∆∑ d(P−R)), between the product and the reactant species:
where ∑ d(Cr−L) P is the sum of the Cr−L bond lengths of the product.
Results and discussion
A range of aquation mechanisms of halopentaaquachromium(III) species were investigated in this work including associative interchange (I a ), dissociative (D) and associatively activated dissociation (D a ) mechanisms. In the first part of this study we applied a range of computational methods to explore aquation of [Cr(L) n X] 2+ complexes, to identify variations with methods and compare with experiment where possible.
Structural parameter variations with method
Structural parameters for the interchange aquation pathway of [Cr(H 2 O) 5 Table S1 of the supporting information (SI). All levels of theory were found to give similar performance for the bond lengths of Cr (Table 1 and Table S2 in the SI). The effective core potential basis set (LanL2DZ) leads to larger deviations from the all-electron ccpVDZ basis, with an overall MAD of 0.049 Å. Nevertheless, when LanL2DZ is combined with the other functionals (B3LYP, CAM-B3LYP and M06), the agreement with PBE0/cc-pVDZ is reasonable, particularly M06/Lanl2DZ. It was found that M06/LanL2DZ was an acceptable alternative for obtaining geometries of these systems in a limited number of cases where PBE0/cc-pVDZ stationary points could not be located.
In the reactant (precursor) complexes (R A−D ) it is the Cr…O distance of the outer sphere water molecule that shows the largest variation with method. In the transition states, the main contributions to the non-zero MADs come from variations in the breaking Cr…X bond and the forming Cr…O bond (Tables S1 and S2 and Figs. SF1 to SF5 in the SI). However, for most cases there are no major variations in reactant and transition state geometries. were calculated at a range of levels and compared with experiment [36, 47] .
Comparison of activation enthalpies with experiment
The full range of methods explored were the M06, B3LYP, CAM-B3LYP and PBE0 levels of theory using the LanL2DZ and cc-pVDZ basis sets. The ΔH ‡ and ΔS ‡ values of selected methods are presented in Table 2 , with the full range of data in Tables S3-S5 , S8 and S9 of the SI. successively larger for the remaining halides, regardless of the method used. This is a strong indication of a change in mechanism across the series. (Fig. 1) . We also note that activation enthalpies calculated in the gas phase are ~60.0 kJ mol 1 higher ( Tables S3 to S6 and Figures SF1 to SF5 of the SI. The relative energy profiles for the process described in Scheme 1 are shown in Figure 2 . (Fig. 3a) was found to be the most stable. We note that the H…O bonds for this conformation exhibit only a very marginal decrease (~0.01 Å) from X = F through to X = I, indicating that the outer sphere coordination is largely independent of the halide. The next most stable conformations were those with a single linear hydrogen bond to an inner sphere water molecule (Fig. 3b) , which are 3.4, 10.7, 11.5 and 11.2 kJ mol 1 higher in energy for X = F, Cl, Br and I, respectively. The H…O bond lengths for these linear conformations are also largely independent of the halide. However, in this conformation there is some interaction with the halide. Not surprisingly, this is strongest for the fluoride (d(X…H) = 1.93 Å) and weakest for the iodide (d(X…H) = 3.12 Å) (Fig. 3b) . This suggests that the lower stability of the linear conformations arises largely from the weaker hydrogen bonding to the outer sphere water molecule rather than a significant destabilization of the metal complex. If these linear reactant structures are used to calculate ΔH ‡ for the I a pathway then the MAD from experiment decreases to 5.0 kJ mol −1 (Tables S4-S5 of the SI) . However, IRC analysis of the transition states leads to the lower energy bifurcated structure rather than these higher energy linear structures. As noted earlier, the experimental enthalpy of activation for the four systems decreases in (Table 2 ). The ΔH ‡ is very high for X = F because F − ion is more tightly bound to Cr 3+ than the other halide ions due to the strong hard acid (Cr 3+ ) − hard base (F − ion) interaction i.e. this is largely an electrostatic interaction (Cr) = +2.472 e, F) = -0.798 e). The decrease in ΔH ‡ for the other halides corresponds with the softer nucleophilicities and decreases in electronegativity of these ions, so that the leaving group ability follows the order I −  Br −  Cl −  F − . In particular, the valence electrons of the I − ion are more loosely bound, so the iodide ion is more polarizable than fluoride ion. The greater polarizability leads to a distortion of the electron cloud of the halide that stabilizes the transition state. The importance of polarizability of the halide is also reflected in the Cr…X distances in the TS, which increase from 2.22 Å for the fluoride system through to 3.24 Å for the iodide system. The Cr…OH 2 distances in the transition states exhibit much less variation with X and range from 2.34 to 2.37 Å. Hydrogen bonding is also important in stabilising the transition states for these processes and in each system the departing halide interacts with the three closest water molecules, which includes the incoming water molecule and two inner-sphere water molecules on the departing face of the complex. However, the strength of these interactions varies across the series. In the case of the fluoride system the X. This result is consistent with experimental observations for the fluoride system. The higher stability of the other successor complexes, coupled with the lower basicities of these halides means that these species do not exhibit proton transfer. Not surprisingly, the stability of the ion pair successor complexes P A-D is substantially greater than the isolated species. However, explicit solvation of the free ions (X -(H 2 O) 6 ) substantially lowers the energy of these free ions (Fig. SF18 of the SI) . When the solvation energy of the free ions (−37, −55, −58 and −59 kJ mol 1 , for X = F, Cl, Br and I, respectively), is included, the overall reaction enthalpies (H) are substantially reduced and follow the experimental trend [81, 82] . . The additional explicit solvation of the TSs achieved with inclusion of the second water molecule (Table S6 and Figs. SF6 to SF9 of the SI) led to differences in activation enthalpies of no more than 3 kJ mol 1 and therefore was not considered further.
Dissociation pathway (D) for Aquation of [CrX(H 2 O) 5 ] 2+
The dissociative mechanism is a two-step reaction that initially involves breaking of the 
…HF.
The activation enthalpy for the dissociation pathways of the F − , Cl − , Br − and I − systems at PBE0/cc-pVDZ level are 128, 103, 99 and 86 kJ mol 1 , respectively (Table 3 , Fig. 4 ). Although the chloride and bromide values are close to the corresponding experimental values, the value for the fluoride system is significantly higher than experiment and the iodide value is slightly lower than the experimental value (Table 3) . (Table S10 of the SI).
Associatively activated dissociation (D a ) for Aquation of [CrX(H 2 O) 5 ] 2+
A schematic of the D a mechanism for aquation of [CrX(H 2 O) 5 ] 2+ complexes is shown in Scheme 3 and optimized structures of the reactants, products, and transition states can be found in Figures SF14 to SF17 of the SI. The D a pathway begins from the same associated precursor (R) complexes as described for the associative interchange mechanism (I a ). However, the D a mechanism differs from the I a mechanism because it is a two-step process. Chromium-halide The activation enthalpies and activation entropies for each of the steps of the D a pathway are given in Table 3 and the relative energy profiles for the individual reactions are shown in Figure 5 . (Table S10 and Fig. SF0 of the SI).
Discussion
In this study we have carried out a detailed investigation of three different mechanisms 6 ] 3+ . In particular, the incoming H 2 O is in a cis position relative to the leaving X. However, in the water-water exchange process, the incoming and leaving Cr…O bonds are equivalent, whereas in the systems studied here the metal-halide bonds (M…X) and metal-water bonds (M…O) are not equivalent. Although we find that the Cr…O bonds of the incoming water molecule are almost constant across the series, the Cr…X bonds vary with the identity of the halide X, being slightly shorter than the Cr…O bond for the fluoride system and substantially longer for the iodide system. Rotzinger reports a ∆∑ d(TS−R) value for water-water exchange of Cr(III) of -1.20 Å and the experimental ∆V ‡ is -9.6 cm 3 mol -1 [69] .
The ∆∑ d(TS−R) values for our systems along the I a pathway are all negative (-0.63 to -0.94 Å) but smaller in magnitude than the value for water-water exchange. However, there are important differences between water-water exchange and halide-water exchange. Firstly, the leaving X -groups have different polarizabilities that can be linked to stabilization of charges in the TSs.
Secondly, electrostriction should be relatively small in the water-water exchange process but will vary for halide-water exchange across the four systems. This is qualitatively demonstrated in our calculations by the hydrogen bonding of the leaving halides to inner and outer sphere water molecules in the TSs and successor complexes.
Rotzinger also identified a TS corresponding to the dissociative (D) pathway for waterwater exchange of Cr(III), with a reaction barrier of 121 kJ mol -1 , which is ~ 12 kJ mol -1 higher in energy than the experimental value. The TS structure and the corresponding intermediate compare well with those obtained in our study with square pyramidal geometries. It was found that the dissociative pathway lead to barriers that were higher than experiment (Table 3) . In this study, the activation enthalpies for the Cr-X dissociation decrease from chloride (103 kJ mol 1 ) through to iodide (86 kJ mol 1 ), which reflects the differences in the Cr−X bond strengths. These values are higher than the corresponding values for the D a mechanism, indicating the outersphere coordination of water helps to stabilise the transition states.
The associatively activated dissociation pathway is closely related to the dissociative interchange mechanism. Interestingly, Rotzinger did not consider the D a pathway for water-water exchange and was unable to locate a TS for the dissociative interchange pathway. This is in contrast to our study where we located D a TSs for the chloride, bromide and iodide systems and Table S10 and Fig. SF0 (Table S10 of the SI) for the overall process are negative, which is consistent with the experimental value [58] . We also note that the overall ∆S ‡ is negative and that there is relatively little variation across the three systems of this study. However, there are variations in ∆S ‡ for the individual steps, particularly for step 2 that can be related to the size of the leaving group and changes in the coordination structure of the inner and outer sphere of the complexes for formation of the TSs. A key feature of the D a mechanism is that the complex becomes associatively activated through outer sphere coordination that lowers the activation enthalpy for dissociation of the Cr-X bond. Previously [42] , the substitution reaction of were calculated at a range of levels (M06, B3LYP, CAM-B3LYP, and PBE0 using the LanL2DZ and cc-pVDZ basis sets) and compared with experimental data [36, 47] . Activation enthalpies calculated at PBE0/cc-pVDZ for the associative interchange (I a ) mechanism (MAD 12.5 kJ mol 1 ) and associatively activated dissociation (D a ) mechanism (MAD 1.0 kJ mol 1 ) for hydrolysis reactions of halopentaaquachromium(III) species, give the closest agreement with existing experimental data. Use of implicit solvent models has a minimal effect on the structures of reactants, products and transition states but is essential for agreement between theoretical and experimental values.
Conclusions
Calculations reveal that the mechanism for aquation of the fluoride system differs from the other halides. The lowest calculated overall activation enthalpy for the fluoride system was obtained for the I a mechanism and was in close agreement with the experimental value [36, 47] . This is followed by immediate proton abstraction leading to the formation of HF and 
